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Sir: 

1 . I, Dr. Christian Sig Jensen declare as follows: 

2. I am a co-inventbr of the subject matter disclosed arid claimed in the 
above-identified U.S. Patent application (the "present application") and 1 am familiar 
with the prosecution history of the application. 

3. I understand that the Examiner has made a rejection of the claims over 
Jensen et al. It is my understanding that Jensen et al. is effective under U.S. law as a 
prior art reference as of March 12, 200 1 . 

4. The Jensen et al. reference published less than one year before the filing 
date of as. Provisional Application 60/363,125, filed March 1 1, 2002, to which this 
appl ication claims priority. 

5. The invention claimed in the present application was reduced to practice 
prior to March 12, 2001. As evidence of prior invention, the following are attached: 

Exhibit 1 is a laboratory notebook page showing the first identification of 
the mRNA sequence of LpTFLl comprising nucleotide 54 to nucleotide 929 of SEQ ID 
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0147-0262PUS1 



NOs: I in the present application and codes for the arriino acid sequence of SEQ ID NO: 
3 in the present application. 

Exhibit 2 is laboratory notebook pages showing the construction of the 
vectors E47-LpTFLl for transformation into grasses and pCAMBIA330O-LpTFLl for 
transformation into Arabidopsis. 

Exhibit 3 is a diagram illustrating the construction of vector E47 based on 
the plasmid pAHC27 (Christensen and Quail, 1996). 

Exhibit 4 is a copy of Christensen and Quail (1996) describing the 
pACH27 vector for moriocot transformation 

Exhibit 5 is a diagram illustrating the map of vector pCAMBIA330G 

Exhibit 6 is a description of the GAMBI A binary vector system used for 
Agrobacterium-mQdiaXed transformation inclusive pCAMBIA3300. 

Exhibit 7 is a lab notebook page describing the preparation of a plasmid 
for transformation into Arabidopsis (continued on page 16- see bottom of page 9). This 
page visually compares a wild-type Arabidopsis to a LpTFLl transtbrmaht. The wild- 
type Arabidopsis shows flowering and a long stem, while the transformant is not 
flowering. The results confirmed that transformation and expression of LpTFLl in a 
plant reduced or prevented flowering in the transformed plant 

Exhibit 8 shows the continuation of the transformation experiments of 
Arabidopsis wildtype and tfll mutant with LpTFLl (as described in Jensen et al.). 

Exhibit 9 shows the subsequent DNA gel blot analysis of transformed 
Arabidopsis plants. 

Exhibit 10 shows the PCR verification of Lolium perenne caMus lines 
transformed with LpTFLl . 

Exhibit 1 1 is a print out of the excel log-file used to score the phenotypes 
of the LpTFLl transformants in Arabidopsis titer 200 days of growth. In preparation of 
the figures for the paper Jensen et al. 2001, plants that did not flower at this stage were 
set to a flowering time of 200 days although they remained non-flowering after the 
manuscript were submitted. Shown are also document properties including information 
on when the document was created and modified. 
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Exhibit 12 is a pre-publicatibn dated draft of the Jensen et ah paper as sent 
to Plant Physiology by the present inventors prior to March 12, 2001. the experiments 
reported therein further evidence that the present inventors had reduced to practice a 
method for reducing flowering in a plant as presently claimed prior to the March 12, 2001 
publ ication date of the Jensen et aL reference. 

These experiments resulted, in the preparation 6f:ia l^sgeri ic plant having 
reduced^lowering ^ compared to the wild type plant. These experiments were 
inducted by transfoiming plant and a Lolium perenne with a nucleotide 

sequence encoding an amino acid sequence as shown in Figure 4 and SEQ ID NO:3 of 
the present application. 
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1 hereby declare that all statements made herein of my own knowledge are 
believed to be true, and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or imprisonment, or 
both, under Section 1001 of Title 18 of the United States Code and that such willful false 
statements may jeopardize the validity of the application or any patent Issued thereon. 
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TECHNICAL NOTE 



Ubiquitin promoter-based vectors for high-level 
expression of selectable and/or screenable marker 
genes in monocotyledonous plants 

ALAN H. CHRISTENSEN* and PETER H. QUAIL* 

Dept. of Plant Biology, University of California, Berkeley, CA 94720. and USDA/ARS Plant Gene Expression 

Center, 800 Buchanan St., Albany. CA 94710. USA (Fax: I 510-559-5678) i^fcfcp; // PLCLn-LBCO* fr~£r/C£££y\ &4V / 
Received 7 July 1995; revised 21 August 1995; accepted 24 August 1995 

A set of plasmids has been constructed utilizing the promoter, 5' untranslated exon, and first intron of the maize 
ubiquitin {(Jbi-l) gene to drive expression of protein coding sequences of choice. Plasmids containing chimaeric 
genes for ubiquitin-lucifcrasc {Ubi-Litc), ubiquitm-($-glucuronidase {Ubi-GUS) t and ubiquitin-phosphinothriciri 
acetyl transferase (Ubi-bar) have been generated, as well as a construct containing chimaeric genes for both Ubi- 
GUS and Ubi-bar in a single plasmid. Another construct was generated to allow cloning of protein coding 
sequences of choice on /torn HI and /farm Hi-compatible restriction fragments downstream of the Ubi~J gene 
fragment. Because the Ubi-l promotor has been shown to be highly active in monocots, these constructs may be 
useful for generating high-level gene expression of selectable markers to facilitate efficient transformation of 
monocots, to drive expression of reference reporter genes in studies of gene expression, and to provide expression 
of biotechnologically important protein products in transgenic plants. 

Keywords: gene expression; transgenic monocots; ubiquitin 



Introduction 

The general availability of strong promoters active in all 
or most cell types of monocotyledonous plants would be 
useful in a variety of applications in gene transfer studies 
with this plant group (McEIroy and Brettell, 1994). 
Although the widely-used cauliflower mosaic virus 
(CaMV) 35S promoter is active in monocot cells, its 
relative strength is substantially less than in dicot cells, 
and it is inactive in some cell types, e.g. pollen (Bruce el 
aU 1989; Christensen et aL, 1992; McEIroy and Brettel, 
1994). The maize Adhl promoter has also been used in 
monocot transformation studies (Fromm et aL, 1990), but 
its activity appears to be restricted to root and shoot 
meristems, endosperm, and pollen (Kyozuka et aL, 1991), 
Because of their expected involvement in fundamental 
processes in all cell types, the genes for rice actin (Act-1) 
(McEIroy et at., 1990) and maize ubiquitin (Ubi-l) 
(Christensen et aL, 1992) have been investigated as 

♦To whom correspondence should be addressed. 

^Present address: Dept. of Biology, George Mason University, Fairfax, VA 
} 22030, USA 

0962-8819 ©,1996 Chapman & Hall 

QQh \L(a)Mei)ctei- b-etktL^/.eda . 



potentially useful alternatives to the CaMV 35S and 
Adhl sequences. Both of these monocot promoters have 
been shown to be significantly more active than the 
CaMV 35S promoter in monocot cells (Bruce et aL, 1989; 
McEIroy et aL, 1990; Christensen et aL, 1992; Cornejo et 
aL y 1993; Gallo-Meagher and Irvine, 1993; McEIroy and 
Brettell, 1994) with the Ubi-l promoter being somewhat 
stronger than the Act-1 promoter where compared directly 
(Cornejo et aL, 1993; Gallo-Meagher and Irvine, 1993; 
Schledzewski and Mendel, 1994; Wilmink et aL, 1995). 

Since our initial reports on the use of maize Ubi-l 
promoter constructs in transient (Christensen et aL, 1992) 
and stable (Toki et aL, 1992; Uchimiya et aL. 1993) 
cereal transformation studies, we have distributed to a 
large number of researchers a variety of constructs with 
the Ubi-l promoter fused to a spectrum of selectable and 
scorable markers. Certain of these constructs or their 
derivatives have been used successfully in transforming a 
number of different monocot species (Wilmink et aL, 
1995), including several cereals (McEIroy and Brettell, 
1994) and Lemna (Rolfe and Tobin, 1991), with reports 
of transgenic plants having been generated for rice 
(Cornejo et aL, 1993), wheat (Weeks et aL, 1993), and 
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barley (Wan and Lemaux, 1994). This report presents the 
structural details of the complete set of these constructs. 

Materials and methods 

The cloning and sequencing of the maize ubiquitin gene 
and its promoter have been reported previously 
(Christensen et ai y 1992). All DNA cloning and 
manipulations reported here were performed according to 
standard protocols (Ausubel et a/„ 1989). Restriction 
endonuclease digestions were carried out according to 
manufacturers * recommendations. GeneClean (BIO 101, 
La Jolla, CA, USA) was used to isolate specific restriction 
fragments from agarose gels. Recovery of DNA fragments 
was quantified by comparison of ethidium bromide 
fluorescence of an aliquot of the fragment with known 
asses of DNA on agarose gels. The //to dill linker (5' 
v^AAGCTTG 3') used in the construction of pAHC27 was 
obtained from New England Biolabs. DNA ligations and 
subsequent transformations into competent Escherichia 
coli strain XL 1 -Blue or HB101 cells and plasmid DNA 
preparations were carried out using standard protocols 
(Ausubel et al. y 1989). Analysis of DNA sequences was 
performed using the UWGCG package of programs 
(Fromm et al. y 1990) and DNA Inspector II (Textco, W. 
Lebanon, NH, USA). 

Results 

All of the constructs described here were generated by 
fusing the same 1992 bp Pstl fragment from the maize 
Ubi-I gene upstream of the relevant poly linker or marker 
sequence (Fig. I). This Ubi-1 Pstl fragment contains 
899 bp of promoter sequence, 83 bp of 5' untranslated 
exon, and 1010 bp of first intron sequence, terminating 
\rough rcconstitution of the Pstl site precisely at the G in 
me AG dinucleotidc of the 3' splice junction of the intron 
(Christensen et a/., 1992). The nucleotide sequences at the 
fusion junctions at the 3' end of the Ubi-I DNA are 
shown for each construct in Fig. 2. 

pAHCH 

This plasmid is a Ubi-1 promoter expression vector for 
Bam HI (or Bam Hl-compatible) cloning of protein coding 
regions. It contains the Ubi-1 promoter, 5' untranslated 
region and intron upstream of an unique Bam HI site (Fig. 
1). About 250 bp of nopaline synthase (NOS) 3' 
untranslated sequence and polyadenylation signals are 
located downstream of the Bam HI site. The 1992 bp Pstl 
fragment of the Ubi-1 gene had been previously cloned 
into the Pst I site of MI3mpI9 for sequencing 
(Christensen et ai, 1992). A Hindlll-BamHl fragment 
from the replicative form of that clone was isolated and 
ligated to a 3175 bp Hin dIII-£amHI fragment of pMF6 
fSofT et al> 1991) containing pUC8 sequence and 250 bp 



of NOS 3' polyadenylation sequence adjacent to the 
EcoRl site. 

The polylinker sequence is located between the end of 
the Ubi-1 intron and the Bam hi cloning site and 
between the BamWl site and the NOS sequence (Fig. 
2). Thus, a reporter gene cloned into the Bam HI site is 
flanked by polylinker sequence on both the 5' and 3' 
sides. Sail and Xba \ sites from the M13mpl9 polylinker 
are upstream of the /torn HI site and a Sail and a Pst I 
site from the pUC8 polylinker are on the 3' side. 

pAHC15 and pAHC27 (pUbi-GUS) 
These plasmids contain the maize Ubi-1 promoter, 5' 
untranslated region and first intron fused to the coding 
region of the E. coli aid A gene (GUS) (Fig. I). To 
produce pAHCIS, /Y/«dIII-£c<>RI fragment of pBI10l.2 
(Jefferson et ai, 1987) containing the HindlU to Sma I 
region of the pUC19 polylinker, the GUS coding 
sequence, and 260 bp of the nopaline synthase gene 
polyadenylation signal was cloned into the HindlU and 
EcoRl sites of pUC19 (pUC19-GUS-NOS). The 1992 bp 
Pstl fragment of the maize Ubi-1 gene (Christensen et ai, 
1992) was cloned into the Pstl site of the polylinker 
sequence upstream of the GUS coding sequence in 
pUCl9-GUS-NOS. The construct contains the Ubi-1 
sequence in an orientation such that transcription will 
proceed through the ubiquitin 5' exon, intron and the GUS 
coding sequence, terminating in the NOS 3' sequence. 

pAHC27 contains the same Ubi-GUS-NOS construct as 
pACH15 but as a Hin dill fragment cloned into the 
HindlU site of pUC!9 (Fig. 1). This construct was 
generated to facilitate the production of pAHC25 (see 
below). The Eco RI site at the 3' end of the chimeric 
gene in pAHCI5 is not unique as there is an additional 
EcoRl site in the Ubi-1 intron. However, the HindlU site 
at the 5' end of the chimaeric gene is unique. To allow 
the entire construct to be removed as one fragment for 
further subcioning, a HindlU site was introduced at the 
3' end of the chimaeric gene. This was achieved by 
partially digesting pAHC15 with Eco Rl y optimizing the 
digestion for linear fragments. The EcoRl sites were 
filled in with dNTPs and Klenow fragment of DNA 
Polymerase and a Hin dill linker (5' CAAGCTTG 3'; 
New England Biolabs) was added. Addition of the linker 
also restored the Eco RI site. The DNA was digested with 
HindlU to remove excess linker and to cut at the 5' end 
of the chimaeric gene. The 4.15 kb HindlU fragment 
containing the Ubi-1 gus chimaeric gene was gel-purified 
and subcloned into /■//« dill-digested pUC19. The 
chimaeric gene in the resultant pAHC27 is oriented such 
that the entire pUC19 polylinker is upstream of the Ubi-1 
promoter (Fig. 1). 

pAHC18 - pUbi-LUC 

This plasmid contains the Ubi-1 promoter-5' exon-first . 
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Fie 1 Schematic diagrams of expression vectors based on maize Ubi-l sequences. The rclat.ve sizes of the various segments of the 
linearized plasmids are drawn to scale. Bold straight line, Ubi-l promoter sequences; filled box, Ubi-l exon; angled hne t/i.-/ in tron. 
labelled own boxes reporter gene sequences; blank open box, nopaline synthases 3' untranslated sequence; thin straight line, pUC8 
rnAHCn 18 20 and 25) or nUC19 (pAHC15 and 27) sequence. Arrow at the Ubi-l exon signifies transcription start site and direction. 
GUS B-glucuronidase (Jefferson * al., 1987); LUC, firefly lucifcrase (Ow el al., 1986); BAR, phosphino.hricin acetyltransferasc (De 
Block el al 1987) Restriction sites used in construction of the chimaeric genes and in adjacent polylinkcr sequences arc shown. The * 
Bam HI site 'marked with an asterisk in pAHC17 is an unique site for cloning Bam HI or Bam Hl-compatible fragments. (Note: The Xba\ 
sites located in the Ubi-l intron are subject to mcthylation interference in dam* E. coli strains. Also, although the BcoM site m the Ubi-l 
mtron upstream of the gus sequence in pAHC.5 is cleaved efficiently, in both pAHC27 and pAHC25 the corresponding EcoM site is cut 
-v inefficiently). B, Bam HI; E, EeoRl, H, WndlH; K, K P n\\ P, Ml; Sa, Sail, Sc. Sad, Sm, Sma], Sp, Sph I; X. Xba\. 
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pAHC17 

UBI1 Intron 
Pstl 
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Sail Xba I Bam Hi Sat I Pstl 



NOS 3' 



. ctgcagGTCXJACTCrTAGAGGATCCGTCGACCTGCAG . 
. gacgtcCAGCTGAGATCTCCTAGGCAGCTGGACGTC . 



PAHC15/25/S? 



UBH intron 
Pstl 



Sal I Xba I Bam HI Sma I 



GUS (frompBh01.2) 



. ctgcagCTrcACTCrAGAGgATCCCCOOT 

. g a eg t c CAGCTGAGATCTCCT\A^GGGCCX^TC AGTCAGGGAATAC . 



pAHC18 



UB11 Intron 
Pstl 



Sail Xba I Bam HI 



LUC (from pD0432) 



. C tgcagGTCGACTCTAGAGGATCO^GCITGGAATTCCTTTCn . 
,gacgtcCAGCTCAGATCTCCTAGGCrCX^CCTTAA<XJ 



PAHC20/25 
UBI1 Intron 



BAR (from pUC/BASTA) 
Pstl Sail Xba I Bam HI ' 



. C tgcagGTCGACTCTAGAGGATCCATCGATTAGGAAGTAACCATX? . 
. ga eg t cCAGCTCAGATCTCCTAGGTAQ TAC . 



Fig. 2. Nucleotide sequence of the polylinker region comprising the junction between the Ubi-l intron and the reporter gene or NOS 3' 
sequence. The Ubi-l intron sequence (lower case) ends, with a Pstl site containing the 3' splice junction. The reporter gene sequences 
shown downstream of the polylinker are those upstream of the respective coding sequence and end with the ATG translation start codon 
(italicized) shown for each. 



intron fused to a luciferase (LUC) reporter coding 
sequence (Fig, I). An 1 892 bp Bam HI fragment of 
^D0432 (Ow et al. 9 1986) containing 80 nucleotides of 
5' untranslated sequence, the luciferase coding region 
(1649 nucleotides) and 163 bp of 3' untranslated sequence 
was cloned into the unique Bam HI site of pAHC17. This 
construct contains the luciferase coding sequence in the 
same orientation as the ubiquitin promoter. 

pAHC20 - pUbi-BAR 

The Ubi-BAR chimaeric gene in this plasmid provides 
selection of transformants resistant to Basta™ herbicide 
(phosphinothricin) (Dc Block et ai y 1987). The Ubi-BAR 
construct was formed by ligating a 570 bp BamH\-Bcl\ 
fragment containing the bar gene into the Bam HI site of 
pAHC17. The bar gene fragment was excised from a 
plasmid (pUC8/BASTA) obtained from Dr M. Fromm 
(Fromm et ai, 1990). The resultant pAHC20 plasmid has 
bar in the same orientation as the maize Ubi-l promoter 
(Fig. 1). The construct contains 18 bp of sequence 
Setween the BamHl site and the translation start codon 



of the bar gene (Fig. 2). The Bel I site is 1 1 bp 
downstream of the TGA stop codon. 

The unique HindXW site at the 5' end of the Ubi-l 
sequence makes this plasmid very adaptable. This 
restriction site is suitable for insertion of a second 
chimaeric gene, such as a scorable marker also driven 
by a second Ubi-l promoter, as detailed below for 
pAHC25, or for any other desired promoter-gene 
combination. 

pAHC25 - pUbi-GUS/Ubi-BAR 

pAHC25 contains both a selectable marker (bar) and a 
scorable marker (GUS), each under the transcriptional 
control of a separate Ubi-l promoter (Fig, 1). The two 
chimaeric genes were first assembled separately in 
pAHC20 and pAHC27 and then the double construct 
was formed. This was achieved by excising the Ubi-GUS- 
NOS-containing Hin&lW fragment from pAHC27 and 
subcloning it into ///ndlll-digested pAHC20. The resul- 
tant pAHC25 plasmid has both Ubi-BAR and Ubi-GUS 
chimaeric genes in the same orientation. 
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Discussion 

The high activity of the maize Ubi-1 promoter has now 
been documented in transient and/or stable transformation 
configurations in a number of monocot systems including 
jice (Bruce et al. t 1989; Toki et ai, 1992; Cornejo el ai, 
1993; Uchimiya et al., 1993; Takimoto et al, 1994), 
wheat (Taylor et ai, 1993; Weeks et ai, 1993), barley. 
(Wan and Lemaux, 1994), s ugarcane (Gallo-Meagher et 
ai, 1993; Taylor et ai, 1993) , maize { Christensen et ai, 
1992; Gallo-Meagher et ai, 1993) Tem usetum (T aylor et 
ai, 1993), Panicum (Taylor et ai,' 1993) and lemn a 
(Rolfe and Tobin., 1991). Whether or not the high level of 
expression of selectable marker genes fused to Ubi-1 
actually increases the efficiency of recovery of fertile 
transgenic plants relative to less active promoters like that 
from the CaMV 35S gene is yet to be rigorously examined 
;see Wan and Lemaux, 1994). However, the high level of 
GUS expression provided by the Ubi-GUS constructs has 
proven valuable in enabling rapid hislochemical screening 
of transformants for transgene activity (Cornejo et ai t 
1993). 

The original intron present in the 5 '-untranslated region 
of the Ubi-1 gene (Christensen et ai, 1992) was retained 
in all the constructs here because of numerous previous 
studies showing that introns frequently strongly enhance 
transgene expression in cereals (Callis et ai, 1988; Bruce 
and Quail, 1990; McEIroy et ai, 1990; Vasil et ai, 

1993) . The influence of the Ubi-1 intron has not been 
tested directly, but there is evidence that this maize 
sequence is spliced correctly in transgenic rice cells (Toki 
et ai, 1992). 

Detailed examination of the spatial and temporal 
expression patterns of the Ubi-1 promoter in transgenic 
plants is yet to be reported. However, initial data with a 
Ubhgus construct indicate expression in all organs of 
lansgenic rice consistent with a potential for targeting a 
wide spectrum of cells (Cornejo et ai, 1993; Takimoto et 
ai, 1994). 

An additional potentially usefull feature of the Ubi-1 
promoter is that it is stress-inducible. Both thermal and 
mechanical stress have been shown to cause a strong 
enhancement of the Ubi-gus transgene activity in 
transformed rice (Cornejo et ai, 1993; Takimoto et ai, 

1994) . It is possible that this fact may result in stronger 
expression of selectable marker fusion genes during the 
early stages of transformation, where recipient cells are 
exposed to a variety of stresses such as high osmotic 
pressures, particle bombardment and growth on toxic 
compounds. A subsequent decrease in expression level is 
expected upon removal of the selective conditions so that 
regenerated transgenic plants would presumably not 
continue to express the marker at high levels when it is 
no longer needed. The stress-inducibility of the Ubi-1 
promoter might also be useful for driving conditional 



expression of genes that confer tolerance or resistance to 
various biotic and abiotic stresses such as pathogen 
attack, heat and water deficit (Takimoto et ai, 1994). 
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pCAMBIA3300 

General Description 

DNA Plasmid pCAMBlA3300 

PPT resistant pCAMBIA1300 backbone 

Currently local object. Original author: Leon Smith 

Created: 09/11/97 01:54AM 

Last Modified: 09/11/97 01:54AM 

length: 8428 bp 

storage type: Constructed 

form: Circular 

Original Author 

Leon Smith 

EMAIL : lonGcambia . org . au 
Comments 

Component Fragments 

#1 : FRAGMENT of pCAMBIAI 300 

parent position: from 7929 to 6834 
length: 7864 

molecule position: from 7015 to 6450 

Left Terminus 

Xhol site #2 

Right Terminus 

Xhol site #1 

#2: FRAGMENT of bar PCR fragment (Complementary) 

parent position: from 11 to 574 
length: 564 

molecule position: from 6451 to 7014 

Left Terminus 

Xhol site #1 

Right Terminus 

Xhol site #2 

Restriction Map: (no more than 3 sites) 

Bglll:0 sites «g£ 
BstElhO sites §^ 

NcohO sites ^atgg 
Spel; 0 sites 

AvrlkO sites §gg» 

PmlhO sites «ggg 
BamHMsite §g*cg 

Nl: 8066 

Rcfyi. 4 C :* A CCANNNNNNTGG 
DS>IAI. I blie GGTNRNNNNAC C 

Nl: 7802 

EcoRMsite ^ 

Nl: 8045 

Hindlll: 1 site 
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Nl: 8096 

Nhel: 1 site gg^GC 

Nl: 3008 

PstMsite ^ 

Nl: 8088 

SacMsite gggg 

Nl: 8055 

Smal:1site 

Nl: 8063 

XbaMsite Jgg 

Nl: 8072 

Kpnl: 2 sites 



TCTAGA 
AGATCT 



GGTACC 
CCATGG 



Nl: 6495 
N2: 8061 



Sadl:2 sites gggcgc 

Nl: 5933 
N2: 6575 

Sail: 2 sites g^GM 

Nl: 6740 
N2: 8078 

Xhol: 2 sites §£§££G 

Nl: 6451 
N2: 7015 

Sphl:4sites %S 

Functional Map 

CDS (3 signals) 
kanamycin (R) 

Start: 4957 End: 5748 (Complementary) 
kanamycin gene amplified from pIG121Hm 

bar 

Start: 6456 End: 7007 (Complementary) 

phosphinothricin acetyltransferase from Streptomyces hygroscopicus ATCC21705 

LacZ alpha 

Start: 8048 End: 8282 
Lac Z alpha fragment 

Miscjeature (4 signals) 
pVS1 sta 

Start: 980 End: 1980 (Complementary) 
pBR322 bom 

Start: 3983 End: 4243 (Complementary) 

T-Border (left) 

Start: 6173 End: 6198 

Left border repeat from C58 T-DNA 

T-Border (right) 

Start: 8342 End: 8367 
T-DNA repeat 
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PolyA_signal (1 signal) 
CaMV35S polyA 

Start: 6248 End: 6450 

PromoterjDrokaryotic (1 signal) 
CaMV35S promoter 

Start: 7020 End: 7789 (Complementary) 

35S Promoter from CaMV (stop short of BstXI site) 

Rep_origin (2 signals) 
pVS1 rep 

Start: 2573 End: 3573 (Complementary) 

pBR322 ori 

Start: 4383 End: 4663 (Complementary) 

Annotations 
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pCAMBIA vectors, T-DNA regions 




. jkeZttm .....;„ 

(Promoter cloning vectors only) 



pCAMBIA1381^a 




Reading frame (a/b/c) 
for gene fusion 



Reporter gene without 
start codon 



Reporter gene with start codon 

0 = no reporter gene, 

1 = gusA, 2~gfp> 
3 = gusA:gfp t 4 = gfp:gusA 



Polylinker derivatives 

0 = from pUC18 

8 = from pUC8 

9 = from pUC9 

Resistance gene for selection in bacteria 

2 = chloramphenicol resistance gene 

3 = kanamycin resistance gene X 

Resistance gene for selection in plants 

1 = hygromycin resistance, hptll gene 

2 = kanamycin resistance, nptll gene 

3 = phosphinothrycin resistance, bar gene a 



Kozak consensus 
Ter S/D Initiator 

BamHl Smal BseRI Ncol Bfflll gp.??;„ 

5 ' -GGATCCCCCGG CTG ACT AGT YOU RFA VOU 

*** MVDLTS XXX 



Hexa-Histidine Tag Ter 

Nhel Pmll 
RIT EGE NE! GCT'aGC CAC CAC CAC CAC CAC CAc' gTG TGAATTGGTGACC- 3 ' 
XXXASHHHHHHV*** 
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pCAMBIA vectors, T-DNA regions 



PCAMBIA1381 T-DNA 
4427 bp 

XJxc J (280) 

' T-Borttf (laft)~ - 
C4MV35S po/yA 




Nht 1(4053) 
Ihnl I(«76) 
l.Mff.SIC'PW 

^ r■■T" T " 8(>fd0, (riflh ° 

Hl«*Jto lay 



pCAMBIA1381Xa - reading friw^l 

PUC8MCS Hindi II Eco47III Bglll 



Spel 



gusA 

AAG CTT ACC GCT CTA GAT CTO ACt"xOT .T^TJ&i 
pCA«BIA138lXb - raadiaa f?axM+2 

PUC8HCS Hindi II Eco47III Bglll Spel gusA 
A AGC TTC ACC OCT OTA GAT CTQ ACT ACT 

PCAMBIAX3 8 lie - raadl&v f raSM *3 

PUC8MCS Hindlll Bco47lII Bglll 



Spel 



pCAMBIA1391 T-DNA 
4427 bp 

Xto 1(280) 
T-Bordor (fell) 



C*MV35S poJyA 



AA GCT TCC ACC GCT OTA GAT CTQ ACT ACT ftg&g 
B« RIU208) 




pCAKBXAl3SUCa - r«4din 0 frmi 

PUC9MCS BcoRI Bco47III 

* 

GAA TTC ACC OCT OTA CAT CTO ACT ACT UTA^l 

pCAMBZAI39Ua> - r«,*d±ng trajM+2 

PUC9HCS EcoRI^ Eco47lII Bglll Spel misA 

G AAT TCC AGC GCT CTA CAT CTQ ACT ACT Sfcfcii 



PCAHBXA13 9 1X0 - raadiaa fra«»+3 

PUCSMCS EcoRI Eco47III Bglll Spel gusA 
GA ATT CTC ACC CCT OTA CAT CTO ACt'acT 



PCAMBIA1281Z T-DNA 
4984 bp 



C*MV>SSpc*A 

pCAMBlA129U T-DNA 
4984 bp 



fw W24i7> 

Sat 1(2407} 
H 1(24011 

if K I (23*1) 
0ji Uttlai) 




1(4430) 
EJJ(4*4)J 




pCAMBIA 1 38 1 Z T-DNA 
4984 bp 



r» U2<m 

M 1(2*07} 
HI (2401) 

mm) 



CaMV2&Spo*A 

pCAMBIA 1 39 1Z T-DNA 
4984 bp 




&» 11(3424) 

i am) 

to» M I f34 Ml 
J* 1(2404) 
/» 1(2400) 
4 UI (25*4) 
, X)(3I»1) 



MM 1(4607) 
/W l(40»> 
I to BJ!t«>42) 




MW K46071 
j/W l(4«>0> 

ft* eji(4«43i 
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pCAMBIA vectors, T-DNA tegioris 



pCAMBIA1201 T-DNA 
5606 bp 

XhoimO) Xho I (1374) 

T-Sorder (loll) 



Himi III (2435) 
oUCUMCS' 
EcoR I (2404) 




CaMV35S po)yA ..hygromycbKR)) iMMtfl 



Gut second exon 



Wi H5230) 
/^mf I (5253) 
\8* £]] ($266) 

,T-Bordar (right) 

lot pofy-A 
Ifstioirte tag 



pCAM8IA1301 T-DNA mmwous) 

5607 -555! 

T border (L) I Xho I (1374) »« XI (2161) 




CaMV35S polyA hygromycin (H) 



fYco 1(3217) 
n (3224) 



CAMV35S 

LacZ alpha 



CaUltse Inlron 
GUSFi/al Exon 
35S promoter 



Hi 



NMt I (3230) 
I (5253) 
I (3266) 

T-border (R) 



]Bst Ell ( 



pCAMBIA2201 T-DNA 
53 91 hp.uhUf/n) 

T.BordaM^y | V*« I (1 !30)/£, X| (1945 , 



XAo 1(1158) 
*W 17 (1145)/ 



£*>R f (2188) 
ipUCU MCS 

I 1 K " m *B t t U (3008) 



C«MV35S pofyA 




CaMV3SS promoter 



ktaiaae Jntron j 

UcZafpha! ®S" IB,M0n 

CaMV 35$ promoter G 



NOS POLYA 
ttslidine tag 
Gut Second Exon 



MrU50l4) 
f 1 (5037) 
(Mn Ell (5050) 
j T-Border (right) 

4»f 



PCAMB1A2301 T-DNA *v.um0) 
53 91 bp ^ l(M0) iMnjiJg 

(left) ! ('"wf&Wv 




EcoK] (2)88) 
pUCUMCS 
j//wd II! (2239) 

AVolOOOl) 
| B// 11 (3008) 



NPTH 
CaMV35S polyA 



Uc Z a!ph> 



CaMV35S promoter 



'Citilase Intron 
Gut first exon Gus second exon ^dETEg" 
CaMV 35S promoter * 



) Not pory-A 
Hfsiidine tag 
exon 



Mr I (SOU) 

i»mi I (5037) 
Mtt Efl (5050) 
|^^p T>Border (right) 

Wot pofy-A 



pCAMBfA3201 T-DNA 
5077 bp 

V Kpn I (324) 
Xho f (280) 
T-Border (left) 



CtMVSSS poty! 



pCAMBIA3301 T-DNA 
5077 bp 

* Kp» I (324) 
Xho I (280) 
T-Border (li 



Sph I (400) 

\,Ur || 141)4) 

[lSj»A I (433) 
Sal l pay) 

a.rrXJ(1631) 
Xho I (844) 




£foR 1(1874) 

|M««d UKI925) / fl ,, n ,2694> 



..14U4) 
|J/»A I (433) 
.'j Xho I (844) 

j Sal 1 (569) 



Lac 2 alpha i Catatate Inlron 
CaMV35S promoter i Gut first exon 

CaMV 35S promoter 

£coRI(1874) 
UUC18MCS 



Hh € I K7001 
iPmt I (4723) 
JjSxr Ell (4736) 
If T-Bordar (fight) 

4m' 



Gut second «on7 poly-A 



i Notj„., 
Hiatidine lag 



iHM 111(1925) *„| W 7) 
te*/U(2694) 



CtMV3SSporyA bar 



Lac 2 alpha ' ^V"* 50 ***** 
CaMV3SS promoter L ««J« axon 

CaMV 35S promote/ 



Nhe I (47O01 
J**/ I (4723) 
Sfijr EII (4736) 

Tfaii inii ii p -T-Border (right) 

Gut tocono exon : Not poly-A 



Hiatidine tag 



PCAMBIA1302 T-DNA fragment 
4 316 bp 

Xho I (279) Xho I (1373) 

T-8ordor (te») 



CaMV35S poryA 



Him d lit (2454) 
Ecu R I (2403) 
Bit XI (2160) I 




hygromycin (R) 



lac 2 alpha 
pUClS MCS 



tfco 1(3216) 

1^/ 11 (3223) rVAc H3944) 
Spe 1(3230) I'** » <3967) 
I Fml l (3554) i. 5 ^ Ell (3977) 

T-Border (right) 



Not pofy-A 



mgfps* "HUtldinetag 



DXZO Op X*. I(77»> »c KUTl) £« R I (2*03) 



PCAMBJA1303 T-DNA fragment 

T-8er«w <|«tt] 
CaUV35SpQfyA 




j C*MV35SprwT»or«r 
iych(A) • >UCI1MCS 



C«MV3SS pramptaf 
UcZt4>ru 



QUaA (M3580) 



UHV19) 



' Noi poly-A 



PCAMBIA1304 T-DNA fragment 
6128 bp xho mm 

T-Boruor (le/t) 



ttind Ul (2434) 
EcoR I (2403) 1 





JTAo »(1373) 


*#» (2160) 









Hco 10116) 
j *</ II (3223) 
\ISpr 1(3230) 

fm/ 1(3554) 



rVA< I (57J6) 
/^m/ 1(5779) 
!/a/r EU (5789) 

T-Bordor (right) 



— *" . oa*AYj3j> promoior . i ' 

hy 9 romye,n (H) I- H . (J4J4, j ^IMV UsTSLm 

Lac 2 aipna 



guiA (N3580) j No* Poly-A 
Hittldine lag 
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pCAMBfA vectors, T-DNA regions 



PCAMBIA0380 T-DNA 
• 582 bp 

T border (1) 



/tori IIIMffll 
P*t HMM 

Stna 1(137) 
£reKI(l<JUj 
Bif XJ(113) 



Arc* 1 <179> 
*M ii nxM 
Jp# I (193) 
We I row 

t ois) 

" Mr bii (241) 




PCAM8IA0390 T-DNA 
582 bp 



Pmi I (228) 

Jfjt£JJ0«l) 



Wstidioe Ug 



pCAMBIA1200 T-ONA 
2727 bp 

T-Border (left) **• 1 (MO) 

4— 



CaMV35S potyA 



hygronrydn (R) 



Wa pory-A 

Xno 1(1374) flj»X3(2161) 
C»MV35S promoter 



T-bOfdof (R) 



T-borter (R) 



&oR 1(2404) 
/fin dM (2455) 



UcZ alpha 



r (right) 



pCAMBLAI 300 T-DNA 
2728 bp ^ |WJ 



i«aV* 



C*WV3SSpo*A 



hyvrexnycin (fl) 



to xi a i4i) 



C*X(V355 promrtw 




(right) 



PCAMBIA1380 T-DNA 
2630 bp 

T-8o,deMl«l) m I ^ 

CaMV3SS poryA 



Xwt 1(1176) 
Xmn 10549) 
*Ao I (1J74) 



Art 1 r22M 
Jflf* 1(2194) 
Bern HKVixxi \\ 
Sma 1(2185) ) 
&VK I (V 170 j \i 

XI out) dl 



hygroorycin (R) 



Wr» I (2227) 
.'Ar/ II (2234 > 
■:Sp* I (2241) 
& Nfu I (2253) 
tf/ZW 1(2276) 
tf V*JI En (2289) 



No*potyA 
Hutxww tag 



f-Border (right) 
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Dear Dr. Richard Amasino: 

Thank you for reviewing our manuscript so rapidly and thoroughly, and for your helpful remarks on the 
contents. Based on the reviewers comments we have tried both to clarify some of the unclear results 
and to specify some of the misleading terms. 

The reviewers comments: 

Comment 1 . Novel aspects or pleiotropic effects of LpTFLI function compared to TFL1 as revealed by 
trichome distribution. 

We are aware that some of the morphological traits associated with overexpressing LpTFLI in 
Arabidopsis can be due to pleiotropic effects of the inserted construct. However, regarding trichome 
distribution, which is considered as a marker for juvenility in Arabidopsis t we do not regard our 
observations as revealing a new role of LpTFLI , especially because Telfer et al. , {1 997) who showed 
the correlation between juvinility and trichome destitution, actually based their conclusions in part on 
the trichome distribution seen in ffll mutants. In the manuscript we have now stressed this point of view 
(page 10, parag. 2, line 21 and page 15, parag 2, line 23). 



Comment 2. Comparison of LpTFLI expression with the expression of homologs in other species. 

We would indeed have liked to include an in situ study of LpTFLI expression in the paper to strengthen 
our conclusions, however the technique has not yet been established in our lab. We are aware that RT- 
PCR experiments on TFL Mike genes have been reported from tobacco (CET1/CET6) and 
Antirrhinum^ although the significance from the latter was never confirmed. We have now cited these 
results on page 9, paragraph 2, line 7 



We do not want to draw two different conclusions on LpTFL1expre$$\or\ t and as pointed out by the 
reviewer RT-PCR does not show the location of LpTFU expression within the apex and inflorescence. 
We realize that the usage of the terms meristem and apex has not been consistent throughout the 
article, and this might confuse and lead to conflicting interpretations. For this reason we have changed 
the use of 'ryegrass meristem' to 'ryegrass apex' (which includes the SAM and the axillary meristems in 
the ridges). 

It has been changed in the following paragraphs (in the revised manuscript): 

Page 5, paragraph 2, line 23 
Page 8, paragraph 3, line 30 
Page 9, paragraph 1, line 2 
Page 9, paragraph 2, line 10 
Page 9, paragraph 2, line 12 
Page 14, paragraph 3, line 27 
Page 16, paragraph 2, line 13 
Page 16, paragraph 2, line 17 
Page 17, paragraph 2, line 15 



Comment 3, LpTFU Promoter analysis in Arabidopsis 

Concerning the GUS expression we find that GUS-expression is detected in the axillary meristems of 
rosette- and cauline leaves, and thus the term 'around the axils of used in the original manuscript is 
misleading and has been replaced by 'in the axillary meristem of (page 12, paragraph 2, line 10, 14, 
and 18; page 16, paragraph 2, line 18, 20, and 24 ). New results on T2 generation of LpTFL1::GUS 
plants have been obtained since the first submission. These results confirm the observed GUS activity 
pattern in the primary transformants and they furthermore show that GUS expression is restricted to the 
axillary meristems of rosette leaves and the 3-5 lowest cauline leaves which were initiated during the 
vegetative phase. With a few exceptions, this pattern shows similarities both to the expression of 
TFL1\n Arabidopsis and the CET2/CET4 genes in tobacco. Therefore, instead of stating that 'this 
pattern is an exact reproduction of the expression pattern of the CET2/CET4 genes in tobacco' we 
have modified the interpretation by saying: The axillary expression of LpTFL1\:GUS is reminiscent of 
CET2/CET4.. .'. (page 16 parag. 2). In the same paragraph we also address the need for confirmation 
of a LFY-Wke effect on LpTFU in ryegrass similar to NFL in tobacco. The importance of the regulatory 
elements driving LpTFLI expression is also discussed here and briefly mentioned in the 'results' (page 
8, parag. 2, line 23) 



Details: 

Fig 1 A details in the picture has been specified 

Fig 1B legend. The term 'edgewise' has been replaced by 'alternately' 

Fig 1C Enlargement of floret is described 

Fig 6 details in the picture has been specified 

Page 5 parag 2. '...lateral meristems. These become the leaf primordia* instead of '...These are the 
leaf primordia'. 

Page 5, parag 2. Competence. The use of 'competence' in this context is not correct, so the sentence 
was changed to: This morphological pattern does not change until the apex has been induced to flower 

by...' 

Page 8 parag 2. DNA blot analysis suggests there are two TFLUlke genes in ryegrass - maximum' is 
deleted. Sinoe the blot was performed at medium stringency we believe it is rather unlikley that more 
that two genes are present. 



Page 9 parag 2. LpTFU message was lower in fully matured inflorescences compared to... this refers 
to the RNase protection assay. Therefore we have added that this is after 42 days sec. induction, and 
In Fig 3A we have changed the term 'Flower' to 'mature inflorescence' 

Page 10 parag. 2. The development of floral organs in the axils of cauline leaves' is changed to ' The 
development of coflorescences with developing flowers in the axils of cauline leaves' 

Page 12 Sensitivity of GUS detection. We agree that RT-PCR could reveal whether GUS message is 
completely absent in other tissues than where it is visibly detected, but a potential low expression would 
not change the interpretations of our results. 

Page 16/17 '...LpTFU ... to promote lateral branching of the main axis and the spikelets. In this way a 
maximum number of florets are produced' is changed to ( ..±pTFL1 ...to promote lateral branching of 
the main axis. In this way a maximum number of spikelets are produced'. 



Concerning your comments on the reproducibility of the vernalization effect on levels of LpTFU mRNA, 
the PCR reactions were repeated three times independently, but the RT reaction was only performed 
once due to the limited amount of apex tissue. We have indicated in the Discussion that a more refined 
dissection of this expression pattern needs to be performed in order to draw any substantial 
conclusions (page 15, parag 1, line 12), and in relation with this we have re-evaluated the term 
'significantly' and removed it. 



All the changes have been highlighted (underlined) in the revised manuscript. We confirm that we pay 
the charges for printing color figures. 

We hope that the changes made in the revised manuscript are satisfactory, so that we can make the 
deadline of December 27th, for the special grass issue. 

We are looking forward to hearing from you. 

Merry Christmas! 



Sincerely, 



Klaus Salchert 
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ABSTRACT 

Control of flowering and the regulation of plant architecture have been thoroughly investigated in a number of 
well studied dicot plants such as Arabidopsis, Antirrhinum, and tobacco. However in many important monocot 
seed crops, molecular information on plant reproduction is still limited. In order to investigate the regulation of 
meristem identity and the control of floral transition in perennial ryegrass (Lolium perenne L.), we isolated a 
ryegrass TERMINAL FLOWERJ-Uke gene, LpTFLI, and characterized it for its function in ryegrass flower 
development. Perennial ryegrass requires a cold treatment of at least 12 weeks in order to induce flowering. 
During this period, levels of LpTFLI message in the ryegrass apex is decreased. However, upon subsequent 
induction with elevated temperatures and long day photoperiods, LpTFU message levels, increased and reached 
a maximum, when the ryegrass apex has formed visible spikelets. Arabidopsis plants overexpressing LpTFU 
were significantly delayed in flowering and exhibited dramatic changes in architecture such as extensive lateral 
branching, increased growth of all vegetative organs, and a highly increased trichome production. Furthermore, 
overexpression of LpTFU was able to complement the phenotype of the severe lfll-14 mutant of Arabidopsis. 
Analysis of the LpTFLI promoter fused to the UidA gene in Arabidopsis revealed that the promoter is active in 
axillary meristems but not the apical meristem. We therefore suggest, that LpTFU is a repressor of flowering 
and a controller of axillary meristem identity in ryegrass. 
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INTRODUCTION 



The life cycle of flowering plants in general can be divided in to three growth phases: vegetative (V), 
inflorescence (I), and flora! (F) (Poethig 1 990). In the vegetative phase the shoot apical meristem (SAM) 
generates leaves that later will ensure the resources necessary to produce fertile offspring. Upon receiving the 
appropriate environmental and developmental signals, the plant switches to floral, or reproductive, growth and 
the SAM enters the inflorescence phase (li) and gives rise to an inflorescence with flower primordia. During this 
phase the fate of the SAM and the secondary shoots that arise in the axils of the leaves is determined by a set of 
meristem identity genes, some of which prevent and some of which promote the development of floral 
meristems. Once established, the plant enters the late inflorescence phase (I 2 ) where the flora! organs are 
produced. Two basic types of inflorescences have been identified in plants: determinate and indeterminate 
(Weberling, 1989). In determinate species the SAM eventually produces floral organs and the production of 
meristems is terminated with a flower. The SAM of indeterminate species is not converted to a floral identity and 
will therefore only produce floral meristems from its periphery, resulting in a continuous growth pattern. The 
regulation of meristem identity and plant architecture has been investigated in a number of dicotyledoneous 
plants including Arabidopsis, Antirrhinum, tomato, and tobacco. However, in important seed crops such as 
wheat, barley, rice, forage grasses, and other monocotyledoneous plants, information on how meristem 
determinacy is controlled is still limited. Therefore, we have undertaken a molecular investigation of the 
regulation of meristem identity and the control of floral transition in perennial ryegrass [Lolium perenne L.), a 
cool-season perennial forage grass native to Europe, temperate Asia and North Africa. 

In terms of plant development,, the aerial parts of ryegrass are produced by the apex positioned on the 
base plate a few millimeters above the ground and surrounded by developing leaves (Figure 1 A). During Figure 1 

vegetative growth, the apical meristem generates lateral meristems initially recognized as semicircular ridges 
along the main axis. These become the leaf primordia. This morphological pattern does not change until the 
meristem has achieved competence to respond to flowering signals, e.g., elevated temperatures and increasing 
day length. The minimal requirement for flower induction in perennial ryegrass is a vernalization period of 12-14 
weeks below 5°C followed by secondary induction with long day photoperiods (LD, 16 hrs light, 8 hrs dark) and 
temperatures above 20°C. Upon transition to reproductive growth, the apical meristem and later also the lateral 
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meristems start to expand and eventually turn into groups of inflorescences (spikelets), each containing 3 to 10 
floral meristems. The spikelets are attached alternately and directly to the central axis (rachis) (Figure IB). Each 
floret consists of four whorls of organs. The outermost whorl (1) consists of the palea and the lemma both 
surrounding the lodicules (whorl 2), the three stamens (whorl 3) and the gynoecium (whorl 4) which is 
interpreted as syncarpous, consisting of two or three carpels forming the ovary (Figure IC), The latter arises at 
the apex as a single ring-like structure surrounding the emerging single ovule (Barnard, J 957) 

The flowers of the ryegrass inflorescence are arranged in a cymose, always terminating apical growth 
with the production of a terminal flower. In this way ryegrass and other grasses represents a determinate plant 
architecture also seen and described at the molecular level in dicot plants such as tobacco (Amaya el. ai, 1999) 
and tomato (Pnueli et al., 1998). In contrast, plants such as Arabidopsis and Antirrhinum have an indeterminate 
(racemose) inflorescence. The TERMINAL FLOWER I (TFL1) gene of Arabidopsis and its homolog 
CENTRORADIALIS (CEN) in Antirrhinum have been identified as a group of genes that specify an 
indeterminate identity of inflorescence meristems. Mutations in TFL1/CEN result in the conversion of the 
inflorescence into a terminal flower (Shannon and Meeks- Wagner, 1 99 1 ; Alvarez et ai, 1 992;, Bradley et ai, 
1996, 1997; Ohshima et ai, 1997). In addition to its effect on meristem fate, TFLl also extends the V phase of 
Arabidopsis (Shanon and Meeks- Wagner, 1991), but CEN does not seem to have a flowering time role in 
Antirrhinum (Bradley et al y 1996). CEN and TFLl proteins have sequence similarity with mammalian 
phosphatidylethanolamine-binding proteins (PEBPs). These mammalian proteins were originally named for their 
ability to bind phospholipids in vitro (Grandy et ai, 1990), but have recently been demonstrated to be regulators 
of the central Rafl/MEK/ERK signaling pathway (Yeung et ai, 1999). The FLOWERING LOCUST (FT) gene, 
also belongs to the family of plant PEBP genes, but has been shown to play an opposite role of TFLl in 
mediating flower inducing signals in Arabidopsis (Kardailsky et al, 1999; Kobayashi et al y 1999). 

Antagonistically to the TFLl gene, another group of genes specify a determinate floral meristem identity. 
Well characterized genes such as LEAFY (LFY), APETALA1 (API), and CAULIFLOWER (CAL) from 
Arabidopsis belong to this group (Irish and Sussex, 1990; Schultzand Haughn, 1991; 1993;Mandel et ai, 1992; 
Weigel et ai, 1992; Bowmann et ai, 1993; Gustafson-Brown et ai, 1994). Mutations in either LEAFY or API 
result in replacement of floral meristems by shoot meristems, and in accordance with their role, overexpression 
of LFY or API in Arabidopsis converts shoots into flowers (Mandel and Yanofsky et ai, 1995; Weigel and 
Nilsson, 1995). Studies of expression patterns and combined analysis of mutants and overexpresslng lines have 
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clarified some of the interactions among meristem identity genes (Levy and Dean, 1998, Nilsson et al y 1998; 
Liljegren et aL, 1999; Ratcliffe et a(. t 1999; Ferr&idiz et ai y 2000; Samach et at., 2000). 



Antagonism between TFLI and LFY t API and CALI is reflected in their complementary expression 
patterns and phenotypic effects. In wild-type Arabidopsis plants, TFLI is expressed in the center of the subapical 
region, whereas LFY, API and CAL expression are confined to the developing flowers (Mandel et al. y 1992; 
Bradley et al y 1997; Ratcliffe et al. t 1999). In the tfll mutant, the premature conversion of the apex into a floral 
meristem has been shown to be correlated with ectopic expression of LFYmd AP1/CAL in the apex (Weigel et 
al. t 1 992; Bowman et al y 1 993 ; Gustafson -Brown et ai, 1 994; Bradley et ai t 1 997). In accordance with this 
data, delayed upregulation of Z,fYand API is observed in 35STFLI plants resulting in an extended vegetative 
phase (Ratcliffe et al. t 1 998). There is increasing evidence to suggest that the ratio of LFY/TFLI activity in the 
SAM controls the developmental fate of the meristem (Ratcliffe et aL 9 1999; Ferr£ndiz et ai, 2000). Thus, the 
lower the ratio, the longer the V phase will continue and the longer the SAM retains an indeterminate phenotype 
producing shoot meristems in place of flowers. 



In order to investigate the mechanism underlying flowering control and plant architecture in a widely 
distributed, agronomical ly important monocot crop plant, we have isolated a homologue of the Arabidopsis 
TFLI gene from perennial ryegrass, LpTFLl, and characterized it for its potential role in determining plant 
architecture and the vegetative-reproductive phase transition in grasses. Our results suggest that LpTFLl is a 
repressor of flowering in ryegrass with a unique expression pattern not reported before. Overexpression of 
LpTFLl in Arabidopsis results in a dramatic extension of the V-I phase and a lateral branching that is 
consequently more extreme compared to overexpression of TFLI in Arabidopsis. 

RESULTS 

Isolation of a 2TL/-like gene from ryegrass. 



A 180 bp fragment with sequence similarity to Arabidopsis TFLI was amplified from ryegrass 
inflorescence mRNA by RT-PCR using primers designed on the basis of an alignment of Arabidopsis TFLI, 

Figure 2 

Antirrhinum CEN, tomato SP, and a related rice EST (Figure 2A). This fragment was used to screen a ryegrass 
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flower cDNA library at moderate stringency for TFLl-Yiko, genes (LpTFLJ -genes). One full-length cDNA was 
identified. The coding region of this cDNA shows 87% and 85% DNA sequence identity to two rice genes, 
FDR2 and FDR I, and 67% and 64% identity with TFLJ and CEN, respectively. The region in the rice EST used 
to design the LpTFLl specific primers is 86% identical to LpTFLl, On the protein level, LpTFLl shows 91% 
and 86% identity to the corresponding proteins, FDR2 and FDR1, respectively, and 71% and 68% identity to 
TFL1 and CEN (Figure 2B). The LpTFLl cDNA coding region shows 60 % identity with the /T sequence, and 
the protein identity is 56%. Comparison of LpTFLl sequence with other plant PEBP sequences found in the 
database revealed that LpTFLl groups together with the two rice proteins and also CET1 from tobacco (Figure 
2C). Banfield and Brady (2000) have recently determined the three-dimensional structure of the CEN protein and 
identified the amino acids essential for a functional ligand binding site. Other amino acids important for a 
functional protein have been identified by mutation (Bradley et al, 1997; Ohshima et ai, 1997; Pnueli et ai, 
1998) (Figure 2B). Of these 1 1 amino acids, LpTFLl differs from CEN at only one position (1 10) having a 
serine (Ser) instead of a methioine (Met). 

A DNA blot analysis at moderate stringency using a full-length LpTFLl cDNA fragment as probe was 
performed to assess the number of 7FL/-like genes in L perenne, The results indicate that two TFL1 -like genes 
are present in ryegrass (data not shown). In order to gain more information on the LpTFLl gene, we screened a 
ryegrass genomic library with the full-length LpTFLl cDNA clone. Three independent genomic clones were 
retrieved and sequenced. All had an identical DNA sequence predicting the same open reading frames (ORFs), 
which exactly matched the LpTFLl cDNA. The genomic organization of LpTFLl (Figure 2A) is similar to that 
of the TFL1 and CEN with three introns in the same positions (Figure 2B) although the introns are of different 
sizes in ryegrass (100, 208, and 82 bp) compared to Arabidopsis (209, 205, and 86bp). In the -3.6 kb region 
upstream of the transcription start no likely gene encoding ORFs were found, and therefore we assume this to be 
the LpTFLl promoter. The existance of regulatory elements further upstream the -3.6 kb fragment cannot be 
excluded, however, in Arabidopsis only a -2.7 kb non-coding DNA fragment is found upstream the transcription 
start ofTFLl . 

The LpTFLl gene in ryegrass shows an expression pattern different from TFLJ in Arabidopsis . 

To determine the expression pattern of LpTFLl message in ryegrass, we examined the mRNA levels in 
different tissues by a RNase protection assay. Ryegrass apices however, are extremely small (< 0.5 mm) until the 
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secondary induction stage, where the inflorescence rapidly expands, so in addition we also performed RT-PCR 
on apex samples that were excised from plants at different stages during flowering induction. Each reaction was 
repeated three times independently. 

LpTFLl message was detectable in most types of tissue, except for seeds (Figure 3A). As early as Figure 3 

seedling stage (1-2 visible leaves) LpTFLl message was detectable by the RNase protection assay. Expression of 
LpTFLl was also detected in leaves from secondary induced plants, and it reached approximately the same level 
as LpTFLl message in the mature flowers. Leaf expression of TFLl in Arabidopsis has not been reported 
(Bradley et al. t 1997), however, detection of CEN message in Antirrhinum, and GET J message in tobacco in 
other tissues than the meristematic regions by RT-PCR have been reported (Bradley et aL, 1996; Amaya et aL 9 
1999). In the apex region, we found that LpTFLl message follows a bi-phasic expression pattern during the 
flowering induction. After 6 weeks of vernalization significantly less LpTFLl message was detected in the apex 
of vernalized plants compared to unvernalizeded plants (Figure 3B). In contrast, we could detect a continuous 
upregulation of LpTFLl message in the apex after the ryegrass plant had been transferred to the warmer 
conditions and LD photoperiods, which induce reproductive development. However, the level of LpTFLl 
message was lower in fully matured inflorescences (42 days sec. induction) compared to the stem and also the 
root (Figure 3A), A high level of LpTFLl transcription was detected in roots from plants growing in LD for 4 
weeks. 

LpTFLl delays or prevents flowering in Arabidopsis 

In order to.address if LpTFLl, one of the two 77Z/-like genes in ryegrass, has a function similar to the 
Arabidopsis TFLl we used the maize ubiquitin promoter (Christensen and Quail, 1996) to drive overexpression 
of the LpTFLl coding region in Arabidopsis. Following transformation with UBh'.LpTFLl, 33 BASTA-resistant 
Arabidopsis plants were obtained. All the transformants showed remarkable vegetative characteristics and were 
much delayed in flowering compared to the wild-type (Figure 4 and 5). Whereas wild-type plants bolted 10 days 
after they were moved from SD to LD photoperiod, even the earliest flowering VBl::LpTFLl plants required 
another month in LD before they bolted. After 3 months, more than half of the plants had not produced a single 
flower (Figure 4C). Overexpression of LpTFLl affected both the vegetative and the early inflorescence stage of 
Arabidopsis as observed by the increased number of nodes produced both before and after bolting. During the 



Figure 4 
Figure 5 
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vegetative phase wild-type Arabidopsis plants produced 16 ± 1.9 rosette leaves, whereas the {JB\::LpTFLJ plants 
grown under the same conditions produced 33.9 ± 8.9 rosette leaves (not shown). After the plants had bolted, the 
UBU:LpTFLI plants produced 26 ± 14.3 cauline leaves on the main stem before flowering, in contrast to the 
wild-type which produced only 4.8 ± 0.4 cauline leaves (Figure 4C). Thus, both in terms of time and the number 
of nodes produced before flowering the majority of the VBlv.LpTFLJ plants appeared to be arrested in the early 
inflorescence phase. Similar observations were made in Arabidopsis plants in which overexpression of TFLI 
was driven by the 35S CaMV promoter (Ratcliffe et al> 1998). However, the 35$::TFLI plants produced only 
two thirds of the number of rosette leaves and half of the number of cauline leaves compared to the 
VB\::LpTFLl plants, when grown under continuous light (Ratcliffe et aL 9 1998). Five UBl::LpTFLI plants 
(lines 2, 7, 9, 1 1, and 13) remained in the early inflorescence stage throughout their life cycle and failed to 
produce flowers before they senescenced and died (after 7 month). Non-flowering individuals has also been 
observed in 35§::TFL1 Arabidopsis, however only when these plants were grown under SD condition (Ratcliffe 
et al. y 1998) and not under LD conditions, as reported here. 

In addition to the main SAM, Arabidopsis plants transformed with \JBl::LpTFLl also exhibit abnormal 
axillary meristem development. The development of co florescences with developing flowers in the axils of the 
cauline leaves normally observed in wild-type Arabidopsis was rarely seen in the \JB\::LpTFLI plants. However, 
in the place of floral organ formation, a 'leafy* branch was produced resulting in a highly branched, bushy, and 
dramatic phenotype (Figure 5A). Third-order branching was a common trait among the \JBl::LpTFLI plants, and 
in a single plant also fourth-order branching was observed (Figure 5A right-hand plant). A reiterative series of 
leaves was continuously produced from the SAM of the UB\::LpTFLI plants, most of them with a high density 
of trichomes (Figure 5B). The trichome distribution on the surface of the cauline leaves was in general much 
more dense than in the wild-type (Figure 5C-D). Increased trichome production in relation to TFLI 
overexpression in Arabidopsis has not previously been reported. Compared with the wild-type, most of the 
UBlv.LpTFLl plants produced remarkably more and longer internodes both on the main stem but also on the 
coflorescences. In contrast to the wild-type plants, the uppermost co florescences without the subtending cauline 
leaf of the UBl:\LpTFLI plants did not consist of normal solitary flowers but instead a leaf-like shoot (Figure 
5E). 

Based on the time to flowering, the transformants could be grouped into four classes (A-D) displaying a 
phenotype from late flowering (Figure 4C, group A) to never flowering (Figure 4C, group D). RM A gel blot 
analysis revealed that most of the VBlv.LpTFLI plants showed strong expression of LpTFLl (Figure 4A, lines 1- 
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31). Overall, the severity of the VBl::LpTFLl plant phenotypes was positively correlated with the level of 
LpTFLl expression in the corresponding plants, although the two lines (1 and 23) with the highest LpTFLl 
expression level did flower after 174 and 182 days, respectively. The expression level of LpTFLl in turn, was 
positively correlated with the total number of gene copies inserted in the genome as determined by DNA gel blot 
analysis (data not shown). In plants with a single copy insertion (Figure 4 A, lines 5, 16, 29-30), the LpTFLl 
RNA levels were reduced compared to other lines and consequently the phenotype was less severe but the time 
to flowering was still significantly longer than in the wild-type (Figure 4C group A). Three BASTA resistant 
plants in which LpTFLl expression was not detected by gel blot analysis, looked similar to wild-type plants with 
respect to their morphology, but flowered 10 days later than the wild-type (not shown). 

Detection of the floral meristem identity genes API was performed by RT-PCR on mRNA isolated from 
Arabidopsis wild-type, the tjll-14 mutant, and the hemizygote second generation \JB\::LpTFLl line 17. The 
plants were harvested when the mutant flowered and the first floral organs were visible in the wild-type. API 
transcript was detectable both in the tfll-14 mutant and the wild-type, but was not detectable in the UB: LpTFLl 
line 17 (Figure 4C) suggesting that LpTFLl, like TFLl y is capable of suppressing or delaying the transcription of 
API In Arabidopsis . 

LpTFLl overexpression in a tfll-14 mutant background 

In order to further address the functional similarity between LpTFLl and Arabidopsis TFL1 we asked if 
LpTFLl is able to complement the Arabidopsis tfll-14 strong mutant allele. In this mutant a C to T mutation 
leads to a threonine -> isoleucine substitution at position 69 (Figure 2B). The tfll-14 mutant has a short 
vegetative phase and exhibits reduced plant height with few nodes, increased number of inflorescence arising 
from the rosette axillary meristems, and a determinate growth pattern (Bradley el at., 1997; Ohshima et aL, 
1 997). The construct used for transformation of the Arabidopsis wild-type was also used for transformation of 
the tfll~14 mutant. More than 100 independent \)B\:\LpTFLl -tfll-14 primary trans formants were obtained from 
each mutant line after selection for the binary plasmid. AH the plants displayed a variety of phenotypes from 
wild-type to the same extended vegetative phenotype seen in the \JB\v.LpTFLl wild-type background. On 
average (taken only from the first six plants flowering) the \JB\::LpTFLI -tfll-14 plants produced 1 5.2 ± 3.5 
cauline leaves on the main stem and flowered 33 days later than the tfll-14 mutant and 23 days later than the 
wild-type (Figure 4C). All the UBlwLpTFLl -tfll-14 plants grew indefinitely and the production of terminal 
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flowers and rosette inflorescence, which is always seen in the tfll-14 mutants, was never observed in the 
transformants. Thus, the LpTFLl rescued the Arabidopsis tfll-I4 mutant in terms of morphology, and the 
extended vegetative appearance we observe is presumably due to the force of the relatively strong maize 
ubiquitin promoter. 

LpTFLl is a potential regulator of axillary meristem development 

We examined the properties of the -3.6 kb putative LpTFLl promoter by fusing it to the UidA gene and 
transformed it into Arabidopsis. More than 100 BASTA resistant lines were obtained. Ten seedlings of primary 
transformants with 6-7 rosette leaves were tested for GUS expression. Three out of the ten transformants showed 
GUS expression, and in all three plants the expression was confined to a very narrow area in the axillary 
meristems of the rosette leaves (Figure 6A). Another test for GUS activity was performed after the plants had 
bolted and had produced 4-5 cauline leaves with flowers in the axils. Fifteen primary transformants were tested, 
and GUS activity was detected in three of these plants, At this stage GUS activity was still detected in the 
axillary meristems of the rosette leaves but it was also detected in the axillary meristems of the cauline leaves, 
although weaker (Figure 6B). In this area, however, GUS-activity remained even after the formation of a new 
flower (Figure 6 B). No GUS expression was detected in the apical meristem or in Arabidopsis leaves, although 
LpTFLl is expressed in ryegrass leaves. Thus, we find that the activity of the ~3.6kb LpTFLl promoter used in 
this experiment is regulated differently in Arabidopsis than in ryegrass, and the pattern of GUS-activity is very 
similar to the expression patterns of CET2 and CET4 in tobacco (Amaya et al. t 1999). These genes are reported 
to be expressed only in the axillary meristems and not in the SAM. 

DISCUSSION 

Perennial ryegrass is a forage grass with a high agronomic value, since it is a low-cost crop, it is perennial 
and it is widely used for feeding cattle. One of the major goals in crop improvement is the control of 
reproductive growth and flower development, Molecular information on these events is very limited in this 
species. We have isolated a TFL /-l ike gene from perennial ryegrass, which is likely to be a repressor of 
flowering and involved in control of axillary meristem identity. 

Lolium LpTFLl is a new member of the plant PEBP family 
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The Lolium perenne TFLl-\\ke gene, LpTFLI, encodes a protein with high homology to a group of plant 
proteins which share structural similarities to mammalian phosphatidylethanolamine-binding proteins (PEBPs). 
Based on these similarities, the plant PEBPs are predicted to play a role in the regulation of signaling cascades as 
has been shown for the mammalian PEBPs (Banfield and Brady, 2000; Young et al, 1999), The two proteins 
most similar to LpTFLI are the rice FDR2 and FDR1 with 91% and 86% identity, respectively, in a multiple 
comparison including TFL1 -like proteins from different species as well as FT from Arabidopsis, LpTFLI is 
grouped together with the two rice proteins and a tobacco CEN-like protein, CETI. No data on FDR2/FDRI 
expression patterns and functions in rice has been reported, and for CETI, expression has been reported to be 
detectable both in vegetative and inflorecence shoots, but only by RT-PCR (Amaya et aL, 1999). Compared 
with the Arabidopsis PEBP sequences, LpTFLI shows 7 1 % identity to TFL1 and 56% identity to FT. FT, which 
is 56% identical to the TFL1 protein, also belongs to the family of plant PEBPs, however, in contrast to TFL1, 
FT has been shown to mediate flowering inducing signals in Arabidopsis (Kardailsky et aL> 1999; Kobayashi et 
aL t 1999). In this process FT acts in parallel with and under the influence of the CONSTANS (CO) gene, which is 
a mediator of the LD-induction pathway (Samach et al. y 2000). LpTFLI shows 50% identity to a partial FT-Yike 
region on a rice clone (nbxb0035E07r), but although the DNA blot analysis indicates the existence of another 
LpTFLI-Uks gene, no ryegrass /T-like cDN A with a higher homology to this partial rice FTMike sequence has 
been identified yet. Overexpression of LpTFLI in Arabidopsis results in significantly delayed flowering in 
combination with a dramatic large and bushy phenotype, suggesting that LpTFLI is more TFL1 -like than FT- 
like. 

In spite of the high degree of homology between the plant PEBPs, constitutive expression of these 
proteins in different plants leads to different phenotypes. The dramatic impact of LpTFLI overexpression on 
floral transition and plant architecture in Arabidopsis is more extreme than that previously reported by 
overexpressing TFLl in Arabidopsis (Ratcliffe et al, 1998). One possible explanation for the more severe 
phenotype observed in our study may be that the activity of the maize ubiquitin promoter is stronger than the 
35S CaMV promoter in Arabidopsis. If this is the case, the monocot ubiquitin promoter shows a remarkably 
strong activity not previously reported in a dicot plant. Alternatively, our observation may be due to differences 
in the protein sequence and conformation of LpTFLI compared to TFLl. Overexpression of CEN in tobacco has 
also been reported to significantly delay the floral transition as well as changing the plant architecture (Amaya et 
al, 1999). In contrast, there was no effect of overexpressing TFLl in tobacco (Amaya et al. t 1999). These results 
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together with our results indicate, that differences in the protein sequences among the plant PEBPs are likely to 
account for some of the differences observed in the overexpressing plants. 

Eleven amino acid residues in the plant PEBP sequences have so far been identified as essential for a 
functional protein (Figure 2B) either by crystallography (Banfleld and Brady, 2000) or by mutations (Bradley et 
ai, 1997; Ohshima et aL, 1997; Pnueli et al.> 1998). At theses residues, LpTFLl differs from the consensus at 
one position (1 10) which is also the position with the highest degree of amino acid variation between species. 
Interestingly, the variation in amino acid residues at position 1 10 exactly matches the grouping of plant PEBP by 
the clustalW alignment (except for FT), One group comprising TFL1, BNTFLl-l, and BNTFL1-3, has a leucine 
at this position, another group, comprising CEN, CET2, CET4, and SP, has a methionine, and a third group, 
which includes LpTFLl , FDR2, FDR! , and CET1, has a serine at this position. The immediate assumption that 
the amino acid differences at this position can be linked to the variance in phenotype servereness of plants 
overexpressing different TFLI-Uke genes, would suggest that overexpression of BNTFL 1 - 1 /BNTFL 1 -3 , like 
TFL1, also have no effect in species like tobacco, and that overexpression of CET1, FDR2/FDR1, like LpTFLl 
might have a significant effect on plant architecture and flowering time in species like Arabidopsis. Future 
results on overexpression of TFZJ-like genes in different species would contribute to resolve the correlation 
between protein sequence and the effect on morphology. In any case our results show that the effects of different 
PEBPs can not solely be explained by genetical diversity, since ryegrass is more distantly related to any of the 
dicot species, and yet LpTFLl has a strong and unequivocal effect on the Arabidopsis. 

Control of floral transition. 

The dramatic phenotype of Arabidopsis plants overexpressing LpTFLl suggests that, in ryegrass, LpTFLl 
may play a role both in controlling meristem identity and in the transition from vegetative to reproductive 
growth. In ryegrass, LpTFLl message is detected at all stages from germination to maturity. It is found at the 
apex, in the inflorescence, and also in leaves, stems, roots and mature flowers. However, expression of LpTFLl 
in the ryegrass apex is not constitutive. Levels of LpTFLl message change during flower induction, with a 
significant downregulation after 6 weeks of vernalization, followed by a continuous upregulation during 
secondary induction until the structures of the spikelets are visible. Data on cold-induced downregulation of 
fFLMike genes in other species has not been reported, presumably because vernalization is normally not 
required for flowering induction in the tested species. Analysis of the expression pattern of FLOWERING 
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LOCUS C (FLC) in Arabidopsis, a gene encoding a MADS-box repressor of flowering that is downregulated by 
vernalization (Sheldon et aL, 1999), suggests that the physiological role of vernalization is to alleviate a block in 
flowering. Since LpTFLl may function as a repressor of flowering in perennial ryegrass, a species which 
requires at least 12 weeks of cold treatment in order to flower, downregulation of LpTFLl during vernalization 
may be necessary in order for ryegrass to proceed to the reproductive phase. Intriguingly, the late-flowering 
phenotype of 35$::TFL1 Arabidopsis can be suppressed by a vernalization treatment, suggesting that TFLI may 
repress the upregulation of floral meristem identity genes by increasing FLC activity or expression (Simpson et 
ai, 1999; Ratcliffe et al> 1998). In unvemalized perennial ryegrass an analogous system may be operating in 
which the level of a FLC-like protein might be high due in part to induction by LpTFLl, Downregulation of 
LpTFLl upon vernalization, and perhaps an FLC-like protein as well, would then be necessary in order for the 
meristem to be competent to flower. 

Some of the Arabidopsis plants overexpressing LpTFLl never flowered before senescence. Similar 
vegetative non-flowering Arabidopsis plants were obtained by combining mutations in API, CA ULIFLOWER 
(CAL) and FRU1TFULL (FUL), all three MADS-box genes (Fenindiz et ai, 2000). The vegetative growth of the 
triple mutant was correlated with a low LFY.TFLl transcript ratio and with TFLI becoming ectopically 
expressed in the laterally arising meristems in an overlapping pattern with LFY expression. The SAM of the apl, 
calful triple.mutant is arrested in the V->Ij phase producing only cauline leaves with axillary meristems that in 
turn repeat this pattern forming 'leafy 1 cauliflower along the main inflorescence (Ferrdndiz et al, 2000), Similar 
cauliflower-like structures were not observed in our VB\::LpTFLl plants because the repeated formation of 
meristems was slower. However, an additional morphological characteristic of the UB\::LpTFLl plants was the 
high density of trichomes which covered both the leaves and the SAM (Figure 5). In Arabidopsis, disappearance 
of the trichomes from the adaxial surface of cauline leaves has been shown to be tightly linked to floral induction 
(Telfer et al. 7 J 997) In support for this observation, it was shown that a mutation in TFLI leads to accelerated 
loss of adaxial trichomes in Arabidopsis (Telfer et aL, 1997) In agreement with this we find that the expression 
of a TFLl-Uke gene in Arabidopsis prevents the loss of adaxial trichomes. By this criterion the \)B\::LpTFLl 
plants were less competent to flower compared to the triple mutant. However, the fact that most of the 
UBL.LpTFLJ plants do flower, and produce normal flowers after an extended vegetative phase, suggests that a 
delayed but otherwise normal expression of LFY y API, CAL and the organ identity genes has occurred. 
Therefore, either the level of LpTFLl activity can be decreased over time, or additional factors override LpTFLl 
function and ensure the proper transcription of meristem and organ identity genes. One possible factor is FT, 
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which is able to upregulate floral meristem identiy gene like API and Z,/T(Kobayashi et al., 1999; Samach et 
al. t 2000). 

A potential molecular mechanism for determinate plant architecture in perennial ryegrass. 

Perennial ryegrass and Arabidopsis represent two different forms of plant architecture; determinate and 
indeterminate, respectively. A molecular basis for indeterminate growth has been proposed for Arabidopsis 
(Bradley et al. 9 1996; 1997; Ratcliffe et al y 1998; 1999; Liljegreen et al, 1999) in which indeterminate plant 
architecture is correlated with expression of TFLI in the center of the SAM. In this central region as well as in 
the uppermost layers of the SAM, TFLI activity is capable of excluding the expression of both API and LFY y 
and therefore the the formation of a terminal flower. Several parallels can be drawn between the Arabidopsis 
data and our results. Like TFLI in Arabidopsis* LpTFLI message is present in the ryegrass apex at the vegetative 
stage. Furthermore, a significant upregulation of LpTFLI occurs in the apex upon LD induction, which is similar 
to the upregulation of TFLI observed in Arabidopsis when the plants enter the \\ phase (Ratcliffe et al. y 1999). 
Like TFLI, overexpression of LpTFLI results in a repression of API transcription (Figure 4C). Localization of 
LpTFLI expression in the ryegrass apex awaits characterization, but our initial data based on the analysis of the 
LpTFLI promoter driving GUS expression in Arabidopsis showed strong activity in the axillary meristems of the 
rosette leaves during the vegetative phase (Figure 7A). At later stages, when plants had bolted, GUS activity was 
still detectable in the rosette axillary meristems but also in the axillary meristems of the cauline leaves (Figure 
7B), although weaker. No GUS activity was detected in the SAM where TFLI is normally expressed. The lack 
of expression in this region points to the posibility that either some regulatory elements are missing in the -3.6 
kb LpTFLI promoter fragment, or that the elements in the monocot promoter is not fully recognized in 
Arabidopsis. Indeed, Oshima et al. (1997) found that a T-DNA insertion into a site located 458 bp downstream 
of the putative TFLI polyadenylation signal lead to an Arabidopsis tfli mutant phenotype, suggesting the 
existence of a regulatory element in this area. However the LpTFLI driven GUS expression pattern in 
Arabidopsis is similar to the expression pattern of CET2/CET4 in tobacco. Like ryegrass, tobacco is a species 
with determinate plant architecture, and seven CEN/TFL I -like genes have been isolated from this plant (Amaya 
et al., 1999). Expression of the tobacco genes most similar to CEN, [CET2 and CET4) has been shown to be 
restricted to the axillary meristems, and the determinate growth of the tobacco SAM has been correlated with the 
absence of CET2/CET4 expression from the SAM (Amaya et al, 1999). Consistent with this, Amaya et ai. 
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(1999) found that NFL, the LfYhomolog is strongly expressed in the inflorescence apical meristem. A similar 
API- LAT-like mediated exclusion of LpTFLI from the center of the ryegrass SAM still needs to be confirmed. 
Pollen of Arahidopsis LpTFLI::G\JS plants is currently being crossed to the Arahidopsis tfll-14 mutant in order 
to adress this question. However, we do propose that in the meristematic ridges of the ryegrass apex (the axillary 
meristems), LpTFLI expression might serve to repress the transcription of floral identity genes and specify a 
shoot meristem identity. 

Analysis of transgenic ryegrass overexpressing LpTFLI is in progress, and based on the data presented 
here we can speculate the following scenario for LpTFL-mediated control of floral transition and plant 
architecture: Shortly after germination, LpTFLI expression is established in the meristematic ridges of the apex 
to maintain the production of vegetative organs such as leaves and tillers. During vegetative growth, a high level 
of LpTFLI and other flowering repressors, perhaps similar to FLC t is maintained to avoid precocious flowering 
before the winter season. During the winter vernalization period, levels of LpTFLI and other flowering 
repressors decreases allowing the plants to become competent for flowering. As the temperature increases and 
the photoperiods lengthen in spring, LpTFLI expression is upregulated in the arising spikelets on the flanks of 
the apex in order to promote lateral branching of the main axis. In this way a maximum number of spikelets are 
produced. Subsequently, expression of LpTFLI becomes progressively more restricted to vegetative tissues such 
as stem and root, and the ryegrass plant finishes its life cycle by the production of the last uppermost seed in the 
top spike. 

Dissection of the molecular mechanisms underlying the floral transition and flower formation in 
important monocot crop plants like perennial ryegrass is in its infancy. By analyzing one of the main 
components in this multi- factorial process, a TFLI-tike gene in perennial ryegrass, we have just begun to adress 
the question of how the green common lyegrass growing on millions of acres, is transformed into flowering 
plants each year following winter season. Further studies will perhaps confirm and certainly modify the scenario 
for LpTFLI function that we propose here. 



MATERIALS AND METHODS 
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Plant growth conditions 

Ryegrass (LoHum perenm L.) plants (clone F6, DLF Trifolium) were grown in soil in a greenhouse with 
daylight at 21 and I8°C, day and night temperature, respectively. For the primary induction (vernalization) 
plants were grown in a growth chamber at or below 5°C for at least 12 weeks. During vernalization, the light 
period was decreased to 8 hrs per day. Following vernalization, plants were grown under 1 6 hrs light at 22 and 
18°C, day and night temperature, respectively for secondary induction. For RNA analysis, plants were harvested 
before vernalization, after 6 weeks of vernalization, and after 14 and 28 days of secondary induction and 
meristems were excised. Samples from other tissues like leaves, stems, seeds and roots were also harvested for 
expression analysis. 

Arabidopsis seeds were stratified for 2-3 days at 4°C and then grown in soil in growth chambers at 22 and 
18°C, day and night temperature, respectively. During the first two weeks, plants were grown at short day 
conditions (8 hours, light per day) and then moved to long day conditions (16 hours light per day). In the 
Arabidopsis time-course experiment, rosette leaves were counted when plants started to bolt, and the number of 
leaf nodes were counted from the most basal cauline leaf to the uppermost leaf proximal to the inflorescence. 
The number of days from germination to the production of the first flower-like structure, was also scored. 

Screening of cDNA and genomic library. 

To isolate 77<7,/-like genes from ryegrass, a set of primers partially conserved between TFLI of 
Arabidopsis, CEN of Antirrhinum and a rice EST (RICR291 8A; accession: 428842) were designed. Primer 
RY2N (5'-GGTTATGACAGACCCAGATGTG-3') was used in combination with primer RY4V (5'- 
CG A A CCTGTGG ATACC A ATG-3 1 ) to amplify a 180 bp fragment by RT-PCR. Preparation of RNA for the 
RT-PCR used the FastRNA®, GREEN Kit RNA isolation system (BiolOl), The 1 80 bp fragment corresponding 
to a putative ryegrass 7FZ,/-like fragment was used to screen a cDNA library (Stratagene) made of ryegrass 
inflorescences for full-length 7FZ,/-like cDNAs. Approximately 800,000 recombinants were screened at 
moderate stringency of 60°C, with washes at 60°C in 2 X SSC (0.3 M NaCl and 0. 1 M sodium citrate, pH 7.4) 
and 0. 1 % (w/v) SDS. Three positive clones were isolated, and plasmids were isolated from single plaques by in 
vivo excision. All cDNA clones were sequenced and contained identical sequences with similarity to both TFLI 
and CEN and were named Lolium perenne 7FZ,/-like, LpTFLl (genebank accession number: AF316419). 



18 



A A.EMBL3 SP6/T7 genomic library (Clontech) made from a partial Sau3A digest of ryegrass DNA was 
screened for TFL1 -like genes. Approximately 1,000,000 recombinants were screened at moderate stringency (as 
described above) with the full-length LpTFLl cDNA clone. Nine positive clones were isolated and digestion of 
the X DNA clones with BamHl, Sail, Xbai, and Sad revealed that three unique clones. These clones were 
partially sequenced and all three had identical sequence from 4.0 kb upstream and 2.0 kb. downstream the 
LpTFLl sequence. The sequence of the exons of the genomic clones as well as the 5* and 3* untranslated region 
were identical to LpTFLl. DNA sequencing was performed using the ABI Prism system (Perkin-Elmer), and 
sequence analysis and alignments were produced using Gene Codes Sequencer software version 4.02. 

RNA/DNA analysis 

For detection of LpTFLl RNA level in different organs of ryegrass, 15 \xg of RNA was hybridized to a 
350 bp riboprobe corresponding to the 5' end of LpTFLl antisense. The riboprobe was synthesized by in vitro 
transcription from a T7 priming site fused to the 350 bp LpTFLl fragment by a T7 RNA polymerase in the 
presence of [a- 32 P]CTP (800 Ci/mMol). Hybridization, RNase digestion and precipitation was performed as 
described in the system kit (RPA III™, Ambion) End products were electrophoresed on a 6% poly-acrylamide 
gel. The level of transcript was determined by autoradiography. A riboprobe corresponding to 180 bp of ryegrass 
GAPDH antisense fragment was used as control. 

Changes in LpTFLl RNA levels in meristems during the flowering induction were detected by RT-PCR. 
Poly-A + mRNA was isolated from 5 ug of total RNA and all mRN A was used in the reverse transcription. Two 
internal primers !NS5 (5'-CACATTGGTTATGACGGACC-3') and INS3 (CTCCCCCCCAAATGAAGC-3') 
were used in the subsequent PCR reaction to amplify a 200 bp LpTFLl fragment from the first strand cDNA 
templates. Products from 1 5, 20, and 25 PCR-cycIes were electrophoresed, blotted and hybridized to a LpTFLl 
specific probe using standard blotting techniques. For a positive control, primers for ryegrass ACTJN: AC5 (5*- 
GAGAAGATGACCCARATC-3') and AC3 (5'-CACTTCATGATGGAGTTGT-3') were used. Detection of 
LpTFLl RNA levels in transformed Arabidopais was performed by standard RNA gel blot analysis. Detection of 
API RNA levels in the 4 week old iff 1-14 mutant, wild-type and the UB\::LpTFLl line 17 was performed by 
RT-PCR using two 3>-end specific API primers AP05 (5 , -CCCCCTCTGCCACCG-3 > ) and AP03 (5»- 
AGGTTGCAGTTGTAAACGGG-3'). 
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Construction of VB\::LpTFLl and the transformation of Arabidopsis wild-type and tftl mutants 

The coding region of LpTFLI cDNA was amplified using primers BO (5*- 
GGATCCCCATGTCTAGGTCTGTGGAG-3') and B550 (S'-GGGATCCCACAACTGGGATAGCCAO') and 
recombinant pfii polymerase. The fragment was blunt ltgated into vector pAHC27 (Christensen and Quail, 1996) 
containing the maize Ubiquitin promoter, an Exomintron region and the NOS terminator. The entire cassette 
(UBI::EXintron::Lprf"X7;:NOS) was excised from the plasmid by digestion with Hindi! EcoRI and ligated 
into the EcoRl-Hindll site of the binary vector pCAMB!A3300 (Jefferson, Australia) which confers BASTA® 
resistance, to give pCAMLPTFLl. Arabidopsis plants (Columbia and tfll-14 mutants) were transformed with 
Agrobacterium tumefaciens strain GV3 101 (Koncz and Schell, 1986) harboring the pCAMLPTFLl (for LpTFLI 
overexpression) using the 'floral dip* method described by Clough and Bent (1998). 

Construction of LpTFLI : : G US Arabidopsis plants 

A 3.6 kb Sacl-Rcal DNA fragment upstream the start codon of LpTFLI was ligated into the Sacl-Ncol 
site of the binary vector pCAMBIA3301 (Jefferson, Australia) replacing the CaMV 35S promoter in front of the 
GUS first intron to give pCAMLpTFL 1 GUS. This vector also confers resistance to BASTA®. Arabidopsis 
plants (Columbia) were transformed with pCAMLPTFLl GUS and with the original pCAMBIA3301 using the 
method described above. The colorimetric X-gluc assay was used to determine the localization of GUS 
expression in Arabidopsis tissue (Jefferson, 1987). Leaves, stem, inflorescence and axillary meristems were 
vacuum infiltrated, and samples were incubated in the solution overnight at 37°C in the dark. Tissues were 
bleached in 96% ethanol, and GUS expression was recorded with a Nikon stereo microscope. 



ACKNOWLEDGEMENTS 

We thank Dr. Thomas Didion and Dr. Yaron Levy for critical reading and editing of the paper. Also, a 
number of scientists at the Risoe National Laboratory were very supportive of Christian S. Jensen during the 



20 



course of his Ph.D. study. The research presented in this article was in part financed by the Danish Research 
Academy, whom we are also very grateful 



REFERENCES 

Alvarez J, Guli CL, Yu X, Smyth DR (1992) terminal flower: A gene affecting inflorescence development in 
Arabidopsis thaliana. Plant J 2: 103-1 16 

Amaya I, Ratcliffe OJ, Bradley DJ (1999) Expression of CENTRORADIALIS (CEN) and CENAlkc genes in 
tobacco reveals a conserved mechanism controlling phase change in diverse species. Plant Cell 11: 1405- 
1417 

Banfield MJ, Brady RL (2000) The structure of Antirrhinum Centroradialis protein (CEN) suggests a role as a 
kinase regulator. J Mol Biol 297: 11 59- i 170 

Barnard C (1957) Floral histogenesis in the monocotyledons I. The Granineae, Aust J Bot 5, 115-128 

Bradley D, Carpenter R, Copsey L, Vincent C, Rothstein S, Coen E (1996) Control of inflorescence 
architecture in Antirrhinum. Nature 376: 791-797 

Bradley D, Ratcliffe O, Vincent C, Carpenter R, Coen E (1997) Inflorescence Commitment and Architecture 
in Arabidopsis. Science 275: 80-83 

Bowman JL, Alvarez J, Weigel D, Meyrowitz EM, Smyth D (1993) Control of flower development in 
Arabidopsis thaliana by APETA LAI and interacting genes. Development 119: 721-743 

Christensen AH, Quail PH (1996) Ubiquitin promoter-based vectors for high-level expression of selectable 
and/or screenable marker genes in monocotyledoneous plants. Trans Res 5: 213-218 

Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium~mz<X\2Xs& transformation of 
Arabidopsis thaliana. Plant J 16: 735-743 

Ferrandiz C, Gu Q, Martienssen R, Vanofsky MF (2000) Redundant regulation of meristem identity and plant 
architecture by FRUITFULL, APETA LA I, and CAULIFLOWER. Development 127: 725-734 



21 



Grandy DK, Haiineman E, Bunzow J, Stiili M, Machida CA, Bidlack JM, Civelli O (1990) Purification, 
cloning, and tissue distribution of a 23-kDa rat protein isolated by morphine affinity chromatography. 
Mol Endocrinol 4: 1370-1376 

Gustafson-Brown C, Savidge B, Yanofsky MF (1994) Regulation of the floral homeotic gene APETALAL 
Cell 76: 131-143 

Irish VF, Sussex IM (1990) Function of the apetala-1 gene during Arabidopsis floral development. Plant Cell 2: 
741-753 

Jefferson RA (1987) Assaying chimeric genes in plants: The GUS gene fusion system. Plant Mol Biol Rep 5: 
387-405 

Kardailsky I, Shukla VK, Ahn JH, Dagenais N, Christensen SK, Nguyen JT, Chory J, Harrison MJ, 
Weigel D (1999) Activation tagging of the floral inducer FT, Science 286: 1962-1965 

Kobayashi V, Kaya H, Goto K, Iwabuchi M, Araki T (1999) A pair of related genes with antagonistic roles in 
mediating flowering signals. Science 286: 1960-1962 

Koncz C, Schell J (1986) The promoter of the T L -DNA gene 5 controls the tissue-specific expression of 

chimaeric genes carried by a novel type of Agrobacierinm binary vector. Moi Gen. Genet 204: 383-396 

Levy Y, Dean C (1998) The transition to flowering. Plant Cell 10: 1973-1989 

Liljegren SJ, Gustafson-Brown C, Pinyopich A, Ditta GS, Yanofsky MF (1999) Interactions among 
A P ETA LAI, LEAFY, and TERMINAL FLOWER] specify meristem fate. Plant Cell 11: 1007-1018 

Mandel MA, Gustafson-Brown C, Savidge B, Yanofsky MF (1992) Molecular characterization of the 
Arabidopsis floral homeotic gene APETALAL Nature 360: 273-277 

Mandel MA, Yanofsky MF (1995) A gene triggering flower formation in Arabidopsis. Nature 377: 522-524 

Mimida N, Sakamoto W, Murata M, Motoyoshi F (1999) TERMINAL FLOWER /-like genes in Brassica 
species. Plant Science 142: 155-162 

Nilsson O, Lee L, Bl£zquez MA, and Weigel D (1998) Flowering time genes modulate the response to LEAFY 
activity. Genetics 150; 403-410 

OhshimaS, Murata M, Sakamoto W, Ogura Y, Motoyoshi F (1997) Cloning and molecular analysis of the 
Arabidopsis gene Terminal Flower L Moi. Gen. Genet. 254: 1 86-1 94 



22 



Pnueli L, Carmel-Coren L, Harevcn D, Gutfinger T, Alvarez J, Ganal M, Zamir D, Lifschitz E (1998) The 
SELF-PRUNING gene of tomato regulates vegetative to reproductive switching of sympodial meristems 
and is the orthologof CEN and TFL1. Development 125: 1979-1989 

Poethig RS (1990) Phase change and the regulation of shoot morphogenesis in plants. Science 250: 923-930 

Ratcliffc OJ, Amaya I, Vincent CA, Rothstein S, Carpenter R, Coen ES, and Bradley, DJ (1998) A 
common mechanism controls the life cycle and architecture of plants. Development 125: 1609-1615 

Ratcliffe OJ, Bradley DJ, Coen ES (1999) Separation of shoot and floral meristem identity in Arabidopsis. 
Development 126: 1 109-1 120 

Samach A, Onouchi H, Gold SE, Ditta GS, Schwartz-Sommer Z, Yanofsky MF, Coupland G (2000) 
Distinct roles of CONSTANS target genes in reproductive development of Arabidopsis. Science 288: 
1613-1616 

Schultz EA, Haughn GW (1991) LEAFY, a homeotic gene that regulates inflorescence development in 
Arabidopsis, Plant Cell 3: 771-781 

Schultz EA, Haughn GW (1993) Genetic analysis of the floral initiation process (FLIP) in Arabidopsis. 
Development 119: 745-765 

Shanon S, Meek-Wagner DR (1991) A mutation in the Arabidopsis TFLI gene affects inflorescence meristem 
Development. Plant cell 3: 877-892 

Sheldon CS, Burn JE, Perez PP, Metzger J, Edwards JA, Peacock WJ, Dennis ES (1999) The FLF MADS 
box gene: a repressor of flowering in Arabidopsis regulated by vernalization and methylation. Plant Cell 
11:445-458 

Simpson GG, Gendall AR, Dean, C (1999) When to Switch to Flowering. Ann. Rev. Cell Dev. Biol. 99: 519- 
550 

Tclfer A, Bollman KM, Poethig RS (1997) Phase change and the regulation of trichome distribution in 
Arabidopsis thaliana. Development 124: 645-654 

Weberling F (1989) Morphology of flowers and inflorescences (Cambridge, UK: Cambridge University Press) 

Weigcl D, Alvarez J, Smith DR, Yanofsky MF, Meyerowitz EM (1992) LEAFY controls floral meristem 
identity in Arabidopsis. Cell 69: 843-859 



23 



Wcigel D, Nilsson O (1995) A developmental switch sufficient for flower initiation in diverse plants. Nature 
377: 495-500 

Yeung K, Seitz T, Li SF, Janosh P, McFerran B, Mischak H, Sedivy JM, Kolch W (1999) Suppression of 
Raf-1 kinase activity and MAP kinase signaling by RKIP. Nature 401: 173-177 



Figure 1: Comparative morphology of perennial ryegrass and Arcibidopsis. A, The ryegrass vegetative SAM is 
veiy compact with semi-circular ridges that later will give rise to leaves and tillers. It is positioned on the basal 
plate and surrounded by developing leaves. Bar = 1 .0 mm. B, The ryegrass inflorescence consists of spikelets 
alternately attached to the main axis (rachis). Each spikelet consists of 3-10 flowers. Bar = 1 .0 mm. C, 
Schematic diagrams of ryegrass and Arabidopsis. During vegetative growth, the SAM of ryegrass and 
Arabidopsis produce very closely spaced leaves in a rosette. After the floral transition the SAM of both species 
elongate (bolt) and floral organs (circles) are produced along the main axis. In both plants secondary shoots arise 
from the axils of subtending leaves. In Arabidopsis wild -type, flowers mature in an acropetal order and the SAM 
grows indefinitely (arrowheads), whereas in the tjll mutant both the SAM and the secondary shoots terminate in 
a flower. Like the tfll mutant, the ryegrass SAM and secondary shoots also terminate in a flower. Maturation of 
flowers in the ryegrass inflorescence is basipetal, and all the secondary shoots formed below the apex also 
develop into arrays of flowers in a cymose pattern. The collar is a special meristematic region on the leaf blade 
in the junction between the leaf blade and the stem (closed circles). An enlargement of a floret is shown 
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(redrawn from K. Esau, Anatomy of seed plants, 2 nd ed. Wiley & Sons, Inc. 1977). Each floret consists of four 
whorls of organs. The outermost whorl consists of the palea and the lemma both surrounding the lodicules 
(whorl 2), the three stamens (whorl 3) and the ovary (whorl 4) which is interpreted as syncarpous, consisting of 
two or three carpels forming the ovary (Figure IC). The latter arises at the apex as a single ring-like structure 
surrounding the emerging single ovule (Barnard, 1957) 

Figure 2: Genomic organizataion of LpTFLl, and similarity of the deduced protein with other plant PEBPs. A, 
The upper bar shows the genomic organization of the gene including the untranslated (shaded boxes) and the 
translated (open boxes) regions. A 180 bp TFLl -like DNA fragment was isolated from ryegrass by RT-PCR. B, 
Comparison of the deduced protein sequence for the LpTFLl gene (acc. no; AF3 1641 9) with those of TFLl 
(Bradley et aL y 1997; Ohshima et al. t 1997), CEN (Bradley et al, 1996), SP (Pnueli et ai y 1998), BNTFL1-1, 
BNTFL1-3 (Mimida et aU 1999), CET1, CET2> CET4 (Amaya et ai y 1 999), FDR1, FDR2 (accession: 
AAD42896 and AAD42895, respectively), and /T(Kobayashi et al„ 2000; Kardailsky et aL> 2000). CLUSTAL 
W program was used to make the alignment and the deduced distance tree. Identical residues are in black. 
Dashed lines indicate gaps introduced by the program to achieve maximum alignment. Identical intron positions 
among all species are marked with filled arrowheads. Open arrowheads indicate amino acids identified to be at 
the ligand binding sites by crystallography (Banfield and Brady, 2000), and asterisks indicate amino acids in 
which point mutations were described for Arabidopsis (Bradley et al, 1997; Ohshima et al. % 1997) and tomato 
(Pnueli et ai 9 1995). C, Distance tree of different plant PEBPs. The lengths of the horizontal lines are 
proportional to the similarity between the predicted protein sequences. 

Figure 3: LpTFLl mRNA levels in various tissues detected by ribonuclease protection assay (A) and RT-PCR 
(B). 1 5 |ag of RNA were used from each kind of tissue which were hybridized with a 350 bp LpTFLl and a 1 80 
bp GAPDH antisense riboprobe before RNase digestion. For a positive control, LpTFLl antisense probe was 
incubated with yeast RNA. B, 5 ug of RNA from meristems and roots from different time-points during 
flowering induction were used for the RT-PCR. 
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Figure 4: VB\-LpTFLI dramatically alters the duration of the vegetative phase of Arabidopsis. A, RNA gel blot 
analysis of primary transformants (lines 1 -30) and wild-type plants (WT). 15 ^ig of RNA from rosette leaves was 
blotted and probed with a LpTFLl cDNA probe. Transgenic line 5, 16, 29 and 30 have single copy insertion as 
detected by DNA blot analysis (not shown). Line 2, 7,9, 11, and 13 were non-flowering. B, Expression of API 
and ACT1N in a i/II-N mutant line, wild-type, and in a U&h.LpTFLl plant (line 17) as detected by RT-PCR on 5 
jig of RNA from each plant. C, Number of cauline leaves produced on the main stem in tfll mutant, the 
complemented mutant (tfJI*\ wild-type (WT) and UB\-LpTFLI primary transformants (group A-D). Each bar 
represents the mean value of the plants within the specific group. Numbers above the bar indicates the total 
number of days from germination till the onset of the first flower. The plants were grouped according to the time 
to flowering: (A > 75 days; B £ 100 days; C £ 150 days; D non-flowering (NF)) The number of plants in each 
group is tfll, 6; tfll*, 6; WT, 6; A, 6; B, 13; C, 5; D, 5. 

Figure 5: The effect ofUBl-LpTFLI on the morphology of Arabidopsis. A, The UBh.LpTFLI Arabidopsis 
primary transformants, line 1 and 2 (right-hand side), showing extensive vegetative growth and up to fourth 
order branching 4 months after germination compared with a 1 month old flowering wild-type plant (left-hand 
side). Line 2 (middle) was non-flowering after 7 months of growth. B, The SAM of most UBl::LpTFLJ 
Arabidopsis lines is compact, filled with leaf primordia, and covered with trichomes. C and D, Trichome 
distribution on the adaxial surface of the uppermost cauline leaves on the main stem ofVBU'.LpTFLl (C) 
compared to wild-type cauline leaves at same age (D). E, In the UBl::LpTFLJ plants leafy shoots filled with 
trichomes are produced in place of normal flowers on the upper coflorescences. " 

Figure 6: LpTFLl promoter activity in Arabidopsis. A, Thirteen days post-germination, GUS activity is 
detectable in a confined area around the axils of the rosette leaves in LpTFL::GLft plants, B, At later stages (7 
days after bolting), GUS activity is also detected in the axils of cauline leaves, although weaker 
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